Background. Immunoglobulin G antibodies (Abs) to Plasmodium falciparum antigens have been associated with naturally acquired immunity to symptomatic malaria.
Despite reduction in Plasmodium falciparum transmission brought about by distribution of insecticidal bed nets, rapid diagnostic tests, and artemisinin combination therapy, malaria continues to be an important health problem throughout the tropics [1] . Infants and children experience the bulk of symptomatic P. falciparum infections, manifest primarily as uncomplicated malaria ( parasitemia with fever, nonspecific systemic symptoms, and anemia with hemoglobin >5 g/dL). By contrast, adults with naturally acquired immunity, generated as a consequence of cumulative and repeated exposure to P. falciparum, maintain tight control of asexual parasite density with few symptomatic infections [2, 3] . Identifying the antigenic targets involved in the development of age-related acquired immunity is important to understanding why protection from P. falciparum infection and symptomatic malaria is slow to develop and informs prioritization of antigens that may be candidates for inclusion in a malaria vaccine.
Findings in residents of malaria-endemic areas and malaria-naive volunteers infected with P. falciparum sporozoites suggest that both humoral and cellular immunity are important to the development of protection [2] . With respect to defining the antigenic targets of antibodies (Abs), investigators in previous studies have primarily reported responses to recombinant proteins corresponding to native P. falciparum proteins with known or deduced function during various phases of the parasite's lifecycle. More recently, protein microarrays corresponding to ≥20% of the P. falciparum proteome deduced from the 3D7 genome sequence [4] and recombinant polypeptides produced in a cell-free wheat germ expression system [5] have been used to screen for immunogenicity of malaria proteins with known as well as unknown functions. With the goal of identifying a hierarchy of antigens relevant to the development of naturally acquired immunity, we probed microarrays corresponding to 824 P. falciparum protein features with plasma from children and adults living in a malaria-holoendemic community in western Kenya. Baseline Ab profiles were correlated with time to re(infection) and protection from symptomatic malaria in children followed during a 12-week period after cure of blood-stage infection with antimalarial drugs.
METHODS

Study Participants and Design
We obtained baseline (week 0) blood samples in July 2003 from 86 healthy asymptomatic adults (median age, 39.8 years; range, 18-78 years) and 88 healthy asymptomatic children (median age, 7.8 years; range, 1-14 years) who were lifetime residents of a single community in Nyanza Province, Kenya. This cohort has been described in detail in several publications [6] [7] [8] [9] . Immediately after collection of blood samples, all participants were given a 6-dose regimen of artemether-lumefantrine to clear blood-stage infection without foreknowledge of whether the individual's blood smear was P. falciparum positive or negative. Finger prick blood samples were obtained weekly for the next 11 weeks to detect (re)infection by microscopic inspection of blood smears. Surveillance for symptomatic malaria (P. falciparum-positive blood smear accompanied by malaria symptoms and axillary temperature ≥37.5°C) was conducted weekly. In accordance with Kenyan national policy when our study was performed, asymptomatic P. falciparum infection was not treated with antimalarial drugs. Symptomatic malaria was treated with a 3-day course of artemether-lumefantrine.
Twenty-one children (median age, 7.4 years; range, 1-11 years) and 2 adults developed symptomatic malaria during the observation period. Seventy-two children (median age, 8.4 years; range, 1-14 years) remained asymptomatic (ie, were "protected") regardless of whether or not P. falciparum (re)infection occurred. There was no statistically significant difference between the ages of protected children and those who experienced symptomatic malaria. Fifty-two adults and 82 children had a P. falciparum-positive blood smear during the 11-week follow-up.
Ethical Approval
Approval to conduct the study was obtained from the Institutional Review Board at University Hospitals Case Medical Center and the Kenya Medical Research Institute Ethical Review Committee. Adults signed written informed consent forms in the local language. Parents or guardians signed for minors <18 years old.
Protein Microarrays and Ab Profiles
Construction of the P. falciparum protein arrays and analysis of Ab binding have been described in detail [10] [11] [12] [13] . Briefly, protein microarrays were constructed by polymerase chain reaction amplification of each complete or partial open reading frame followed by in vivo recombination cloning and in vitro transcription/translation to generate malaria polypeptides used for microarray chip printing. The Pf824 array used in the present study, (P. falciparum Reactive Antigen Microarrays, Cat. # 25-MA-0010, Antigen Discovery Inc., Irvine, California), comprising 824 unique features corresponding to 699 different P. falciparum genes, was a down-selected array based on results from previous larger array studies. Each microarray chip contained multiple negative in vitro transcription/translation control spots that lack plasmid template and serially diluted human immunoglobulin (Ig) G, anti-IgG, and Epstein-Barr nuclear antigen 1.
Plasma samples diluted to 1:200 in Protein Array Blocking Buffer (Whatman) were preincubated in Escherichia coli lysate, and microarrays were probed with the pretreated plasma by incubation overnight at 4°C. The slides were washed 5 times in Tris buffer ( pH 7.6) and incubated in biotin-conjugated goat anti-human Ig (anti-IgG fragment crystallizable region [Fc] γ fragment specific; Jackson Immuno Research) diluted 1:200. After washing, bound Abs were detected by incubation with streptavidin-conjugated SureLight P-3 (Columbia Biosciences). The slides were washed in Tris buffer containing 0.05% Tween 20, followed by a final wash with water. Air-dried slides were analyzed using a Perkin-Elmer ScanArray Express HT microarray scanner. Intensities were quantified using QuantArray software (Packard BioChip Technologies).
Statistical Analysis
Differences in Ab signal intensities were compared across age groups (adults aged ≥18 years vs children aged 1-14 years and subsets of children aged 1-5, 6-10, or 11-14 years), using the Kruskal-Wallis nonparametric method. Analyses of the relationship between Ab responses and P. falciparum (re)infection and protection from symptomatic malaria were limited to children. The time to (re)infection based on a P. falciparumpositive blood smear was determined with a Kaplan-Meier logrank test for survival analysis (SAS 9.2 software; SAS Institute), based on the 52 highest Ab responses to the protein features.
Cox regression models were used to evaluate the association between Ab signal intensity and risk for time to (re)infection. Covariates in the analysis included P. falciparum infection status at baseline and age (continuous). Because of the large number of microarray Ab responses measured in the same individuals, the "global test" developed by Goeman et al [14] was used to determine whether any of the malaria antigen-specific Ab responses were associated with the time to (re)infection. The null hypothesis is that none of the Ab responses is significantly associated with (re)infection. The test is designed to have high power to detect small associations between most of the covariates and the rate of (re)infection. Microarray data were normalized and calibrated as described elsewhere [10] . Analysis was performed using the R statistical environment (http:// www.r-project.org) and SAS (http://www.sas.com/) statistical software.
The vsn method (www.bioconductor.org) was applied to the quantified array signal intensities. Antigens were considered "reactive" when the mean signal intensity of adults or the 3 age groups of children was greater than the mean plus 2 standard deviations of the "no-DNA" controls. Bayes-regularized t tests were then used to identify significant differential Ab reactivity [15] . The Benjamini-Hochberg (BH) method was used to correct for the false discovery rate. Differences were considered significant at BH-corrected P < .05. To compare different groups, we used R software to calculate Kruskal-Wallis/ Dunn multiple-comparison tests with corrected P values.
We calculated the annual seroconversion rate (SCR) of immunogenic polypeptides with Systat 11 software (Systat Software) by fitting age-specific seroprevalence data to a reversible catalytic model described by Drakeley and coworkers [16] . The maximum-likelihood method assumes the following binomial error distribution: Pt = λ/λ + ρ(1-e(-(λ + ρ)*t)) where Pt is the proportion of seropositive individuals in each age group t; λ, SCR; and ρ, seroreversion rate. Stage expression information was obtained by querying mass spec evidence in PlasmoDB. http://plasmodb.org/ plasmo/showQuestion.do?questionFullName=GeneQuestions. GenesByMassSpec. Evidence of expression at the Merozoite, Trophozoite, Gametocyte, and Sporozoite stages were obtained from Florens et al. 2002 [17] . Liver stage antigens were inferred from orthologues in P yoelli with mass spec evidence [18] .
RESULTS
Age-Related Changes in the Breadth and Magnitude of Malaria IgG Abs
The pattern of Ab binding to 824 malaria protein features among adults and children within the 1-5-, 6-10-, and 11-14-year age groups is shown in the heat map ( Figure 1 ). Ab binding in all age groups was limited to a subset of 163 of the 824 protein features on the microarray chip. In Figure 2A , the 163 antigens are sorted from left to right according to the mean Ab signal intensity for adults and compared with the average Ab reactivity for 1-5-year-old children. Supplementary Table 1 lists all 163 P. falciparum proteins in this order.
The overall Ab reactivity of children was less than that of adults, and Ab signal intensity to 110 of the 163 proteins was significantly lower among children than among adults after correction for false discovery (BH-corrected P < .05). Scatterplots of the mean Ab signal intensities to each antigen for adults (x-axis) against those for children of varying age (y-axis) show an increase in reactivity with age ( Figure 2B ). The Ab levels of children in the 6-10-and 11-14-year age groups were similar and approached those of adults. Malaria-naive individuals from the United States had scarce, low background reactivity. The global mean Ab signal intensities of all 163 reactive proteins combined are plotted in Figure 2C , showing a 2-fold difference between the 1-5-year-old children and adults. Differences between adults and the 3 age groups of children are highly significant.
Kinetics of Antigen Specific Ab Acquisition
The results in Figure 2A show that by 5 years of age Abs to some antigens reached levels equal to that of adults. Acquisition of Abs to other antigens was slower, suggesting that SCRs for various Figure 2 . Comparison of malaria antigen-specific antibody (Ab) responses of adults and children. A, Ab responses by adults (≥18 years old) and children 1-5 years old, sorted from left to right on the x-axis according to progressively decreasing signal intensity generated by adult Abs. Reactive antigens were defined by the mean signal intensity against the background ( pixel intensity with no-DNA control signals subtracted) of Abs from adults greater than the mean plus 2 standard deviations of the no-DNA controls. Of 824 Plasmodium falciparum antigens on the array, 163 were reactive above the cutoff. Significant Benjamini-Hochberg (BH)-corrected P values (<.05) for adults versus 1-5-year-old children are shown in green for the comparison. B, Scatterplot of mean Ab signal intensities to 163 P. falciparum antigens from each age group of children (y-axis) against the mean intensities for adults (x-axis). C, Comparison of mean Ab signal intensities of Kenyan adults and children according to age group and malaria-naive adults from the United States. KruskalWallis/Dunn multiple-comparison tests were performed with BH-corrected P values to compare the groups. Abbreviations: LSA, liver-stage antigen; MSP, merozoite surface protein; NA, not assigned; PF70 protein, 70KD, EMP1-trafficking protein; Pfemp1, Plasmodium falciparum erythrocyte membrane protein 1; PHISTc, Plasmodium helical interspersed subtelomeric c family; Rh2b, reticulocyte binding protein 2 homologue b; SCR, seroconversion rate. a The top 23 P. falciparum protein features to which antibodies from adults had the highest signal intensities are shown, along with the percentage of the adult signal in each age group of children. The SCR for each antigen is calculated as described in "Methods" section.
antigens differ. Table 1 shows the SCR for Abs to the 23 most immunogenic antigens recognized by adults. Mean Ab signal intensity was normalized to the average intensity for adults. Abs to merozoite surface protein (MSP) 10, MSP2, 70KD EMP1-trafficking protein (Pf70), and P. falciparum erythrocyte membrane protein 1 (PfEMP1) intracellular acidic terminal segment (ATS) domain variants approached that of adults in the youngest children and remained elevated in adults. In contrast, Ab responses to liver-stage antigen (LSA) 3, MSP1, Plasmodium helical interspersed subtelomeric domain protein (PHIST), ring-exported protein 1, and P. falciparum reticulocyte homologue binding protein 2 (PfRh2), for example, were low in the youngest children and gradually increased during adolescence and adulthood. The SCR column in Table 1 shows rate constants ranging from 0.034 to 0.679 per year. (The columns labeled "NA" could not be assigned SCRs because Ab reactivity was already so high in the youngest children that an age-related rate of increase could not be calculated.) The SCRs for each of the 163 reactive antigens are shown in Supplementary Table 1. These results suggest a dynamic process in which the adult Ab profile to various P. falciparum antigens is acquired gradually and unevenly during childhood and adolescence.
Immunodominant PfEMP1 Intracellular Domain
There are >60 distinct PfEMP1 loci spread across the 14 chromosomes of the P. falciparum genome, each locus encoding a different var gene [19] . Plasmodium falciparum-infected erythrocytes express only a single var gene at a time, and each of the corresponding PfEMP1proteins consist of 2 distinct domains. The C-terminal intracellular ATS protein domain is highly conserved and involved in intracellular signaling pathways. The N-terminal Variable (VAR) ectodomain is highly variable and involved in cytoadherence of infected erythrocytes to the vascular endothelium and other tissues. The results in Figure 3 compare Ab responses to the ATS and VAR domains printed on the microarray. Adults and children had similar Ab reactivity to the 2 domains, but Ab signal intensity in response to the ATS domain was significantly greater in both adults and children than for the VAR domain.
Relationship of Ab Responses to Rate of Infection (or Reinfection) Among Children
Age-dependent acquisition of Abs to some P. falciparum proteins has been associated with protection from infection as measured by an increase in the time to (re)infection, for example, the 42-kDa C-terminal region of MSP1 in the study cohort described here [6] . In the current study, Kaplan-Meier survival time to (re)infection in children based on analysis of baseline Ab signal intensity to each of the 163 immunogenic protein features showed no significant associations. The P value of the global test statistic, represented as a weighted average of individual Ab responses, was .43, indicating that there is no evidence that any of the Ab responses were associated with time to (re)infection among children. Data in Supplementary Figure 1 provide a decomposition of the global test into the negative and positive contributions of Abs to individual P. falciparum protein features. 
Ab Reactivity and Protection From Symptomatic Malaria Among Children
There were 88 children aged 1-14 years enrolled in this cohort. During the 12-week observation period, 21 children experienced symptomatic malaria ("unprotected') and 67 children did not ("protected"). The median ages of the 2 groups, 7.35 and 8.43 years, were not significantly different (P = .13). Figure 4A shows mean Ab signal intensity to malaria protein features arranged from highest to lowest in protected children. Higher Ab levels were observed for protected compared with unprotected children for 106 of the immunoreactive proteins (BH-corrected P < .05).
The top 23 antigens associated with protection from symptomatic malaria among children are listed in Table 2 . These include blood-stage antigens and pre-erythrocytic antigens, eg, MSP1, 2, 4, 7 and 10, LSA1, PHIST and others. All 8 of the PfEMP1 intracellular ATS domains on the array are included in this list. Inspection of the mean Ab signal intensities to the 163 P. falciparum reactive antigens plotted in the same manner for protected children versus protected adults showed fewer significant differences (Figure 4B ), particularly to the aforementioned proteins, indicating that the Ab profile of protected children approaches that of adults. With respect to the stages of the P. falciparum lifecycle at which the 163 immunogenic proteins are expressed, mass spectrometry data cited in PlasmoDB ( plasmodb.org) [17, 18] indicated that expression by trophozoites was overrepresented relative to the 661 nonreactive proteins on the array (40.5% vs 25.0%) (Supplementary Table 2 ). Many P. falciparum proteins were expressed by >1 stage of the parasite lifecycle (Supplementary Table 3 ).
Asymptomatic parasitemia in children has been associated with an increased risk of symptomatic malaria and elevated anti-P. falciparum Abs relative to children with P. falciparumnegative blood smears in some studies [20] . Consequently, infection status at baseline is a parameter that could influence our results. We therefore analyzed Ab responses in the subset of children with blood-stage P. falciparum infection at baseline. Figure 2A and 2B) indicate the same conclusion -children with P. falciparum infection at baseline who were subsequently protected from symptomatic malaria had elevated Ab levels compared with those who were unprotected, and Ab signal intensity in the former group approaches that of adults.
Results of this analysis (Supplementary
Finally, we compared the global mean Ab reactivity against all 163 reactive antigens in the protected adults with reactivity levels in protected and unprotected children. Ab levels in protected children were significantly higher than those in unprotected children against this collection of 163 antigens ( Figure 4C ), approaching levels in adults. Supplementary Figure 3 displays Ab reactivity to each antigen according to age and protection from symptomatic malaria.
DISCUSSION
We probed 824 P. falciparum protein features corresponding to various domains of 699 protein-encoding genes to identify antigen-specific IgG Ab responses predictive of protection from symptomatic malaria and P. falciparum (re)infection in a cohort of adults and children living in a single holoendemic community in western Kenya. The overall magnitude and breadth of Ab responses among adults was greater than that in children. A total of 163 P. falciparum proteins, primarily but not only those expressed by blood-stage P. falciparum, were recognized across all age groups, confirming that Abs associated with naturally acquired immunity develop gradually after years of exposure to the parasite.
Based on estimates of the SCR at which Abs reached their maximum levels [16] , we observed that the complete adult Ab profile appears after 15 years of natural exposure to P. falciparum, and the rate at which Abs reach high levels characteristic of adults varies by >20-fold among the most immunogenic antigens. In principle, antigen specific SCRs could be used to inform identification of targets of naturally acquired immunity and components of vaccines intended to accelerate the development of Ab profiles in children that are similar to that of clinically immune adults. In this regard, antigens with high SCRs during childhood, such as MSP4, MSP7, and MSP10, would be low-priority targets, whereas those with low SCRs, such as LSA3, erythrocyte membrane protein 2 (mature parasite-infected erythrocyte antigen), and merozoite membrane protein M566 (PF3D7_1035900) [21, 22] would be high-priority targets. M566 has an internal domain structure with the sequence VDEEVAEELIEK repeated 18 times. Other well-characterized antigens, such as circumsporozoite protein, LSA1, and LSA3, also encode internal repeat domains that elicit Ab responses. Based on differences in the magnitude of baseline Ab responses between children who were protected from symptomatic malaria and those who were not protected, we identified a repertoire of Abs to antigenic targets that correlates with protective immunity. Compared with children who experienced symptomatic malaria, protected children had significantly elevated Abs against dozens of P. falciparum antigens, consistent with other reports indicating that the breadth of Ab responses to malaria proteins rather than strong responses to a single protein or a small number, is critical [23, 24] .
A study from Mali using a P. falciparum protein microarray different from that reported here also showed that 8-10-yearold children who did not experience symptomatic malaria during a period of seasonal transmission had significantly elevated Abs against 49 antigens, compared with age-matched children who did experience symptomatic malaria [10] . Abs to P. falciparum antigens that we observed to correlate with protection from symptomatic malaria include both those considered previously as vaccine candidates (eg, MSP1, MSP2, LSA1, and LSA3) [25] [26] [27] [28] and less studied proteins involved in erythrocyte invasion by merozoites (MSP10 and MSP7) [24, 29] and trafficking of P. falciparum proteins from the parasite to the surface of the infected erythrocyte (PfEMP1, PF70, PHIST, and MSP7) [30] [31] [32] [33] [34] [35] .
Interestingly, we found no significant association of Ab responses to any of the 163 immunogenic P. falciparum proteins with the occurrence of or time to (re)infection, suggesting that Abs to antigens important to protection from asymptomatic versus symptomatic P. falciparum infection may differ. Alternatively, the immune mechanisms governing these related but phenotypically distinct processes may differ. An earlier report from the same cohort described here showed that combined Ab and Tcell interferon-γ responses to the single antigen studied, the 42-kDa C-terminal region of MSP1, had stronger predictive value for delay in time to (re)infection than Abs alone. In that study, there was no significant association of Ab or T-cell responses with protection from symptomatic malaria [6] .
Our results with respect to PfEMP1 show that Abs to the conserved ATS domain were immunodominant, developed at an early age, and reached stable elevated levels in the youngest group of children that were nearly equivalent to that of levels in adults. In contrast, Abs to the hypervariable extracellular VAR domain were acquired more gradually and never reached the levels of the ATS domain. The immune system is presumably repeatedly exposed to the ATS domain during repeated cycles of erythrocyte lysis when merozoites are released after schizont rupture. The Abs to this domain would not be expected to play a functional role in inhibiting parasitemia or adherence of infected erythrocytes to endothelium or other tissues. However, the immunodominance of the ATS domain, even among children <5 years old, suggests that it is an indicator of cumulative parasite exposure.
Conversely, the extracellular VAR domain is associated with weak Ab responses across all age groups, suggesting that the hypervariable VAR sequence expressed as a single transcript by clonal parasites expressing a single VAR is an effective immune evasion mechanism. Because the immune system encounters only a single VAR domain or a small number of them during each blood-stage infection, the degree of exposure necessary to generate stable and high levels of Abs may be insufficient until late in childhood. In this context, it will be important to examine functional Ab responses to extracellular VAR domains, because recent observations have identified specific VAR protein sequences that bind to endothelial protein C receptor in a manner that is thought to modulate endothelial integrity and malaria pathogenesis [19] .
Several features of the protein microarray format make it highly suitable for antigen discovery. In the context of prioritizing antigenic targets of protective immunity, the microarray enables screening of many proteins with known as well as unknown functions in malaria biology. In our view, screening the broad array of protein antigen targets with both known and unknown functions is advantageous, particularly in the case of liver-stage P. falciparum proteins for which there is very limited information regarding function. As with other high-throughput multiplex platforms, it is important to follow up candidates identified by microarrays with recombinant proteins or protein domains that are structurally similar to the native protein. In addition, serologic assays are ideally followed up with assays of Ab function that have been validated to correlate with protection from symptomatic malaria, for example, merozoite opsonization assays and quantification of P. falciparum growth inhibition using transgenic P. falciparum parasites in which specific invasion pathways can be evaluated [34, 36, 37] . Finally, a new generation of P. falciparum protein arrays may be tailored to the dominant alleles and protein sequences of polymorphic antigens thought to be relevant to protection from mild as well as severe malaria.
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